In order to evaluate the function of the retina in Best macular dystrophy (BMD) 18 patients were examined by means of the multifocal electroretinogram (mfERG). The mfERG peak amplitudes of the central and pericentral responses were significantly reduced in the BMD patients (p < 0:001). The ERG amplitude decrease of the central response was significantly correlated with visual acuity loss and with the funduscopic staging. The implicit times in more eccentric groups were slightly but significantly increased. The markedly reduced mfERG amplitudes with only slightly increased implicit times may indicate cone photoreceptor cell loss or damage to the cone outer segments. Ó
Introduction
Best macular dystrophy (BMD) represents an inherited autosomal dominant, pleomorphic retinal disease. It often occurs at a juvenile age, although genetic studies on VMD2 mutations have revealed that BMD can develop later, with an onset of visual failure around the age of 40-50 years (Eksandh, Bakall, Bauer, Wadelius, & Andreasson, 2001) . BMD is associated with progressive macular degeneration which may lead to a severe loss of visual acuity. Typical 'egg-yolk' macular lesions are seen funduscopically.
The pathomechanisms which are involved in BMD are not yet clear. Several mutations of the VMD2 gene, responsible for BMD, have been reported (Lotery et al., 2000; Marquardt et al., 1998; Petrukhin et al., 1998) . Consistent with the disease phenotype, the VMD2 mRNA is heavily expressed in the retina, especially in the retinal pigment epithelium (RPE) cells (Petrukhin et al., 1998) . The mutation results in an alteration of a protein (bestrophin), which is probably membranebound, with four putative transmembrane regions (Bakall et al., 1999) . Morphological studies have revealed abnormalities including accumulated material within the RPE (O'Gorman, Flaherty, Fishman, & Berson, 1988; Weingeist, Kobrin, & Watzke, 1982) and within photoreceptors (Frangieh, Green, & Fine, 1982) . It is still a matter of debate if the functional consequences within the neurosensory retina result primarily from the bestrophin mutations within photoreceptors or secondarily from alterations within the RPE.
The notion that the primary defect is located within the RPE is supported by the finding that the electrooculogram (EOG) is markedly abnormal in BMD. In contrast, the a-wave and b-wave of the Ganzfeld electroretinogram (ERG) are reported to be normal in BMD (Denden, 1966; Deutmann, 1971; Francois, 1968; Krill, 1977; Krill, Morse, Potts, & Klien, 1966) . A severely abnormal EOG with a largely normal standard ERG is thought to be characteristic of BMD (Fishman et al., 1993) . However, when large-field L-and M-cone driven ERGs are separately recorded (Kremers, Usui, Scholl, & Sharpe, 1999; , it was recently found that the L-and M-cone driven ERGs were Vision Research 42 (2002) [1053] [1054] [1055] [1056] [1057] [1058] [1059] [1060] [1061] www.elsevier.com/locate/visres differently altered and that the mean maximal L/M-cone driven ERG sensitivity was even increased in BMD patients (Scholl, Kremers, Apfelstedt-Sylla, & Zrenner, 2000) . Clinical observations suggest that the retinal involvement in BMD is not homogeneous so that topographical restricted measurements are required. To detect functional disturbances of the macula objectively, Falsini et al. measured macular flicker ERGs in BMD. They found reduced amplitudes, indicating that the retina of the posterior pole is involved in the early development of BMD (Falsini et al., 1996) . They did not make quantitative comparisons of their results to psychophysical data (such as the visual acuity), morphological data (such as the fundus appearance), or disease history (such as the disease duration).
The above-mentioned ERG methods have a limited topographical resolution. The multifocal ERG (mfERG) on the other hand, allows simultaneous recording of many local ERGs from the posterior pole and thus provides spatial information not readily available in the Ganzfeld, large-field, or macular flicker ERG. The firstorder kernel responses show close correlation with the photopic Ganzfeld ERG (Hood, 2000; Hood, Seiple, Holopigian, & Greenstein, 1997) and with the cone density distribution found by histological methods (Curcio, Sloan, Kalina, & Hendrickson, 1990) . We recorded mfERGs from patients with BMD and correlated measures of the mfERG first-order kernel responses to visual acuity, fundus staging, age of onset, and disease duration.
Subjects and methods

Subjects
Eighteen eyes of 18 patients with BMD were involved in the study. The diagnosis of BMD was based on history (including a detailed family history), visual fields (30°T€ u ubingen Automated Perimetry), symmetrical bilateral involvement, and the typical alterations of the RPE assessed by retinal biomicroscopy and fundus photography and a considerably reduced light-peak to dark-trough ratio of the EOG slow oscillations (L/D ratio). The age of onset of BMD was based on the history for the first report of a loss in visual acuity. Fundus photographs were staged according to the classification of Fishman et al. (1993) , from a normal fovea with an abnormal EOG (stage 0), over a minimal macular pigment mottling and hypopigmentation (stage I), a typical egg-yolk vitelliform lesion (stage II), various stages of resorption of the vitelliform lesion (stage III), to resorption plus fibrotic-or gliotic-appearing scar formation either with or without a neovascular membrane (stage IV). One patient (#4) was screened for mutations in the VMD2 gene and was found to have an Arg25Trp sequence change in exon 2, which is considered to be a probable and possible disease-causing mutation in the VMD2 gene (Lotery et al., 2000) . Fifty-five eyes of 55 normal subjects served as controls.
Informed consent was obtained from all subjects after explanation of the purpose and possible consequences of the study. The study was conducted in accordance with the tenets of the Declaration of Helsinki.
Stimulation
The stimulus, consisting of 61 hexagons covering a visual field of 30°, was presented on a monitor with a frame rate of 75 Hz at a distance of 28 cm from the subject's eye. The radius of the central hexagonal element was 2°. The hexagons were scaled with eccentricity, the most eccentric being 4.7 times larger than the central one (Fig. 1) . Each element alternated between black and white (93% contrast, mean luminance 51.8 cd/ m 2 ) according to a binary m-sequence. During 3.63 min of recording, 16383 different stimulus permutations were presented. A red central fixation point of 2 mm diameter was used.
Electrophysiological recordings
The pupils were dilated with 0.5% tropicamide and 5% phenylephrine and the refractive errors corrected. The eyes were kept light-adapted for at least 10 min Fig. 1 . Geometry of the test field containing 61 stimulated areas. For further analysis these areas were grouped into five concentric rings (1-5). There is an overlap of eccentricity in each group: ring 1 (0-2°); ring 2 (1.8-7°), ring 3 (5-13°); ring 4 (11-22°); ring 5 (17-30.5°). The stimulus is superimposed onto the fundus photograph of a BMD patient (#4; carrying a disease-causing mutation in the VMD2 gene) to help visualize the topography of the stimulus on the retina. prior to the ERG recording. Corneal ERG responses were measured with DTL fiber electrodes which were positioned on the conjunctiva directly beneath the cornea and attached with the two ends at the lateral and nasal canthus. The reference and skin electrodes (gold cup electrodes) were attached to the ipsilateral temple and the forehead, respectively. The signals were amplified (200 000Â) and bandpass-filtered (10-100 Hz; Grass amplifier, model 12; Quincy, USA). Each recording session was subdivided into 20 recording segments of approximately 11 s duration. The total duration of a recording session was about 5-7 min.
Data analysis
The VERIS Scientific softwaree, using a fast mtransform algorithm, was employed for the calculation of the 61 local ERG responses from the measured signal (Sutter, 1991 (Sutter, , 1992 . Specifically, first-order kernels were used in this study because of their close correlation with the function of the outer retina (Hood et al., 1997) . The resulting 61 ERG traces are shown in the form of a trace array for a normal subject in Fig. 2A . Due to the scaling of the stimulus (the area of the hexagons increases towards the periphery to compensate for lower cone density), the resulting 61 local ERG responses are almost equal in amplitude for the normal observer ( Fig.  2A) . To reduce the complexity of 61 ERG responses, five regional groups were formed by averaging responses from elements of equal eccentricity ( Fig. 1) (Sutter & Tran, 1992) . In Fig. 2B , the ERG responses for rings 1-5 are shown for a normal subject. The responses are density scaled. The response density is obtained by dividing local ERGs by the area they were elicited from. A typical wave form begins with a negative deflection (N1), followed by a positive deflection (P1), and a second negative deflection (N2). For the analysis of the ERG amplitude data, we calculated the peak amplitude, which is the difference between N1 and P1. For the analysis of the ERG temporal data, we restricted the analysis to the implicit time of the positive deflection (P1). Additionally, three-dimensional plots of the response density using the scalar product method (Sutter & Tran, 1992) are shown in Fig. 2C .
Standard EOG and photopic Ganzfeld ERG
An EOG was obtained according to the ISCEV standard (Marmor & Zrenner, 1993 ) and served as a criterion for the diagnosis of BMD. All BMD patients exhibited considerably reduced L/D ratios (range: 1.0-1.85; mean: 1.4; standard deviation (S.D.): 0.3; 90% confidence interval of the normal subjects: 2.1-3.0). Additionally, in a subset of 15 patients, a photopic Ganzfeld ERG was obtained according to the ISCEV standard (Marmor & Zrenner, 1998 ).
Statistical analysis
Data were analyzed by JMPÓ 3.2.6 computer program (SAS Institute, Inc., Cary, NC, USA). Results with p-values < 0:05 were considered statistically significant. The ERG amplitudes and implicit times of the BMD patients and the normal subjects were compared by an analysis of covariance (ANCOVA) in order to allow for known determinants of the dependent variables.
Results
Group characteristics
The age of the BMD patients (range: 7-55 years; median: 37.5 years) did not differ significantly (p ¼ 0:16, unpaired t-test) from that of the normal subjects (range: 12-67 years; median: 37 years). Subject groups did not differ in their proportion of male to female subjects (p ¼ 0:59, two-tailed Fisher's exact test). In nine patients (#4, #7-9, #11-15), there was an obvious dominant family history with affected members in at least three consecutive generations. In the other nine patients, dominant inheritance was not evident. These patients were considered as simplex cases. The clinical data of the BMD patients together with photopic ERG b-wave amplitudes and implicit times are shown in Table 1 . Fig. 2 shows the local 61 ERGs of a normal subject (A) and of a BMD patient (D). Both subjects are representative of the median results of the two populations based upon the peak amplitude of the central response. There is a substantial amplitude decrease for the central element in this BMD patient, whereas the summed responses for rings 2-5 were not decreased (see amplitude values in Fig. 2B and E). This can be also seen in the three-dimensional plots of the ERG response density ( Fig. 2C and F) .
Amplitudes of the mfERGs
To estimate a normal distribution we converted the amplitudes into their logarithms. Eight of 18 BMD patients (44%) exhibited ERG response amplitudes for the central response below the fifth percentile of the normal distribution estimated from the normal subjects, whereas none of the ERG responses was above the 95th percentile. In ring 2, six BMD patients (33%) showed subnormal responses and no patient exhibited supernormal responses. In the most eccentric elements (ring 5), only one BMD patient exhibited an ERG amplitude below the fifth percentile, whereas three BMD patients showed ERG responses above the 95th percentile. In Fig. 3 , the mfERG response amplitudes are shown for individual patients. Patients of the same clinical stage according to the classification of Fishman are represented by the same symbol. Again, abnormal mfERG response amplitudes are most frequent for ring 1, whereas there are only minor abnormalities in more peripheral responses (one reduced response amplitude in ring 5). There is a considerable interindividual variability even between patients of the same clinical stage. However, there is a weak correlation between mfERG response amplitude and clinical stage which could be statistically demonstrated for the central response (see below).
The amplitude data of the normal subjects and the BMD patients in rings 1-5 showed unequal variances (Bartlett's F-test; F ratio ¼ 270; p < 0:0001). We therefore standardized the variances. To correct for the in- -2°eccentricity; D) . In the more eccentric elements, the amplitudes are normal or even elevated. The ERG responses of the five regional groups (response density scaled) are shown in the middle row for the normal subject (B) and the BMD patient (E). Compared to the normal subject, the amplitudes are decreased for the central element, are normal for rings 2 and 3, and are near the 95th percentile of the normal subjects for rings 4 and 5. The implicit times are within normal limits for every grouped ERG response. Additionally, threedimensional plots of the response density using the scalar product method are shown in the lower panels (C, F). The ERG response decrease for the central element is evident by the absence of the sharp central peak (F).
fluence of age we applied an ANCOVA to the amplitude data. We assumed that the variability in the data was influenced by four factors-subject group (normal subjects, BMD patients), rings (1-5), age, and subject number as a random effect-and that rings and subject group could interact. The model fit was good (R 2 adj: ¼ 0:74; residual S.D. ¼ 0.51). ANCOVA revealed that the amplitudes differed significantly between subject groups (p < 0:0001) and between rings 1-5 (p < 0:0001). The interaction of subject group and ERG amplitudes in rings 1-5 was also significant (p < 0:0001). Age influenced the amplitude data significantly (p < 0:0001).
Post hoc t-tests (Bonferroni-Holm procedure for multiple comparisons) revealed that the ERG amplitudes for the central element and for rings 2 and 3 were significantly reduced in the BMD patients (p < 0:001), whereas there was no significant difference for the more eccentric rings (Fig. 4A) .
The ERG amplitude of the central response was significantly correlated with the visual acuity (r ¼ 0:54; p ¼ 0:02) and with the staging according to the classification of Fishman (Kendall Tau b ¼ À0:37; p ¼ 0:05). There was no significant correlation with either the age of onset (r ¼ 0:29; p ¼ 0:24), the disease duration (r ¼ À0:32; p ¼ 0:2) or the EOG L/D ratio (r ¼ 0:37; p ¼ 0:2).
Considering individual data, we found that one of the eight patients with a visual acuity of 1.0 and better (patient #2) exhibited an ERG amplitude of the central response below the fifth percentile of the normal subjects, whereas this was the case for two of four BMD patients with borderline visual acuity (0.8; patients #6 and #9). Interestingly, all five patients with a visual acuity of 1.0 or better and fundus stages of three or four (patients #1, #10, #14, #17, #18) exhibited central response amplitudes that were within the normal limits, although four of five were near the fifth percentile of the normal subjects. Four of five patients with a considerably reduced visual acuity (0.2 and below) showed subnormal central responses (patients #8, #13, #15, #16). 
Implicit times of the mfERGs
The mean implicit times did not show large differences between the two populations. There was considerable overlap between the two subject groups for the implicit times of every group of ERG responses. As for the amplitude data, we converted the implicit times into their logarithms to estimate a normal distribution. For the central response, two of 18 BMD patients exhibited prolonged implicit times above the 95th percentile of the distribution of the normal subjects, whereas two BMD patients showed ERG responses below the fifth percentile. In the most eccentric elements (ring 5), however, eight BMD patients exhibited prolonged implicit times above the 95th percentile, whereas none of the ERG responses was below the fifth percentile.
The temporal data of the normal subjects and the BMD patients in rings 1-5 showed unequal variances (Bartlett's F-test; F ratio ¼ 29.3; p < 0:0001). We therefore standardized the variances. To correct for the influence of age we applied an ANCOVA to the implicit times. Again, we assumed that the variability in the data was influenced by four factors-subject group (normal subjects, BMD patients), rings (1-5), age, and subject number as a random effect-and that rings and subject group could interact. The model fit was excellent (R 2 adj: ¼ 0:96; residual S.D. ¼ 0.56). ANCOVA revealed that the implicit times between subject groups (p < 0:0001) and between rings 1-5 (p < 0:0001) differed significantly. The interaction of subject group and implicit times in rings 1-5 was also significant (p < 0:02). Age influenced the implicit times significantly (p < 0:0001).
Post hoc t-tests (Bonferroni-Holm procedure) revealed that the implicit times for the rings 3 and 5 were significantly increased in the BMD patients (p < 0:01 and p < 0:001, respectively), whereas there was no significant increase for the other group responses (Fig. 4B) .
Standard ERG
Photopic b-wave amplitude was either normal or even super-normal in the BMD patients (range: 125-391 lV; mean: 213 lV; Table 1 ). Seven of 15 BMD patients exhibited b-wave amplitudes above the 95th percentile of the normal subjects (223 lV), whereas none was below the fifth percentile of the normal subjects (97 lV). Mean photopic b-wave implicit time of the BMD patients was 29.0 ms (S.D. ¼ 1.9 ms; range: 25.8-33.6 ms). Three of 15 BMD patients showed b-wave implicit times below the fifth percentile of the normal subjects (27.7 ms), whereas the implicit time of one BMD patient was above the 95th percentile of the normal subjects (32.2 ms).
Discussion
The mfERG results of the present study reveal functional deficits of the neurosensory retina in BMD. These alterations may be secondary to changes in the RPE, since morphological and genetic studies have suggested that the primary defect in BMD resides in the RPE cells. On the basis of the present data, however, primary or secondary dysfunctions cannot be distinguished.
The changes found in the mfERGs suggest specific sites and mechanisms of retinal damage (for a review see Hood, 2000) . It has been hypothesized that damage to the cone photoreceptor outer segments will reduce the peak amplitude and result only in moderately (i.e. <about 6 ms) increased implicit times; damage beyond the outer segments would imply at least moderate delays (e.g. >about 4 ms) (Hood, 2000) . Since we found a considerable reduction of the peak amplitudes (mean of 14 nV/deg 2 for the central element) with only slightly increased implicit times (mean of only 0.4 ms for ring 5), we suggest that these functional deficits indicate either cone photoreceptor cell loss or damage to the cone outer segments.
The analysis of the present study was restricted on the first-order mfERG response kernel. Sutter and Tran (1992) have shown that under photopic conditions the first-order response component can be well correlated to cone density and outer retinal function. The mfERG response may be a ''little ERG'' in the sense that it can be broken into contributions from the same cellular components as the full-field ERG (Hood, 2000; Hood et al., 1997) . However, it is not a ''little ERG'' that is simply modified by adapting conditions of the msequence (Hood, 2000) . These adaptive (non-linear) processes of the retina are more reflected by the secondorder kernel, which appears to be influenced by the adaptation to successive flashes and to have substantial contributions from sources in the inner retina and also from the optic nerve head (Sutter, 2001; Sutter & Bearse, 1995) . This second-order kernel response is undoubtedly due to more than one non-linear process, but these processes are not fully understood (Hood, 2000) . Since the VMD2 gene is mainly expressed in the RPE cells suggesting outer retinal function impairment rather than inner retinal damage and given that the physiological background of the second-order mfERG responses is still under discussion, it may be justified that we focused on the first-order component of the mfERG.
The amplitude decreases for the central ERG response were significantly correlated with visual acuity loss. Seven BMD patients with a visual acuity of 0.8 (20/ 25) or above exhibited peak amplitudes 1 S.D. below the normal mean. In three of them (#2, #6, #9), the central peak amplitude was below the fifth percentile of the normal subjects. This suggests that the mfERG can serve as an early indicator of functional loss in BMD. On the other hand, it was found that central retinal function can be preserved when funduscopically there is already resorption of the vitelliform lesion or even scar formation visible.
As mentioned above, the implicit time increase was only small when absolute values are taken into account. It is known that the mfERG shows only little interindividual variability in normal subjects (Seeliger, Kretschmann, Apfelstedt, & Zrenner, 1998) ; this is also true for the BMD patients. Since age influenced the data significantly, a correction for this parameter would reduce the interindividual variability even further. This explains why the differences between the two subject groups differ significantly for ring 3 and 5 although the absolute differences are small. We do not find the implicit times useful for distinguishing BMD patients from normal subjects in the clinical setting. However, it is remarkable that we find temporal alterations in grouped ERG responses at a retinal eccentricity of 17-30°in BMD patients whose funduscopic abnormalities were confined to a considerably more central area. But clinically, these changes are of uncertain functional significance.
Other macular diseases have been investigated by means of the mfERG and have shown specific patterns of alterations that differ from BMD. In Stargardt macular dystrophy (SMD), the ERG responses were reported to be substantially decreased for the central element; the amplitude reduction for the most eccentric elements was only small but still significant (Kretschmann et al., 1998a) . The implicit times were significantly prolonged for rings 2-5; however, as in the present study with BMD patients the differences in implicit time were small. Kretschmann, Seeliger, Ruether, Usui, and Zrenner (1998b) also differentiated between early and advanced SMD and found that in the majority of patients with early SMD, a foveal response could not be recorded. This clearly differs from BMD where we could obtain a foveal response in every patient. In age-related macular degeneration, significant amplitude decreases were found in rings 1-4 with increased implicit times for rings 1-5 (Kretschmann et al., 1998a) . The amplitude decreases were comparable to early SMD. Patients with cone dystrophy exhibit a different pattern of results since the ERG responses are strongly reduced or even nondetectable in the entire field of visual stimulation (Kretschmann et al., 1998a) . As a result, the mfERG can contribute in the differential diagnosis of retinal diseases affecting the posterior pole of the retina.
The diagnosis of BMD was based on typical funduscopic alterations and markedly reduced L/D ratios. A subset of nine BMD patients, however, did not show a positive family history with affected members in at least three consecutive generations. In a recent study, it was reported that 85% of BMD patients with a positive family history show VMD2 sequence variations, whereas the yield was significantly lower (28%) for BMD patients who were diagnosed clinically without a positive family history (Lotery et al., 2000) . Lotery et al. have suggested that the latter are possibly affected with a molecularly different disease that mimics BMD ophthalmoscopically. However, our study suggests that the subset of patients without positive family history is affected by BMD: first, all patients exhibited markedly reduced L/D ratios in the EOG. EOGs were not obtained by Lotery et al.; it is well-established that markedly reduced L/D ratios are strongly indicative for BMD. Other macular diseases which also affect the RPE such as agerelated macular degeneration (Lotery et al., 2000) , SMD (Hadden & Gass, 1976; Noble & Carr, 1979) , dominant drusen (Deutmann, 1971; Fishman, Carrasco, & Fishman, 1976; Gass, Jallow, & Davis, 1985) , or pattern dystrophy (Hsieh, Fine, & Lyons, 1977; Marmor & Byers, 1977; Wakabayashi, Yonemura, & Kawasaki, 1983; Watzke, Folk, & Lang, 1982) usually exhibit normal or only modestly subnormal EOGs. Secondly, the patient group exhibited rather uniform functional deficits in the mfERG, taking into account that different stages of BMD were involved. Since the staging was positively correlated with functional loss in the mfERG, a correction for that would lead to a rather uniform group suggesting that these patients are affected by a similar pathomechanism. Thirdly, the patient carrying a mutation in the VMD2 gene showed a pattern of alterations in the mfERG that was representative for the whole patient study group. And fourthly, many examples of reduced penetrance and expressivity, and even occasionally skipped generations, have been reported in the literature (Krill, 1977) . Moreover, it is known that VMD2 gene mutations can be found in patients who are clinically diagnosed as BMD but do not have a positive family history (Palomba et al., 2000) .
The mfERGs clearly demonstrate that topographically the retina is inhomogeneously affected in BMD. While the central elements (rings 1-3; corresponding to 0-13°eccentricity) exhibit amplitude decreases, the more eccentric elements show completely normal amplitudes. Simultaneously, 47% of the BMD patients exhibited increased photopic b-waves above the normal 95% percentile. This is in accordance with a previous study where it was suggested that BMD is characterized by increased large-field ERG sensitivities when L-and Mcone driven ERGs are taken into account . It is tempting to speculate that if more eccentric local ERGs outside the central test field were used they would be increased in amplitude in the BMD patients as a group. Possibly, these amplitude increases in the Land M-cone driven ERGs and in the photopic standard ERG are due to ischemia or due to increased blood flow rates and/or pH changes within the retina that are secondary effects of hypoxia . The pathomechanism apparently has an inhomogeneous effect on the retina and presumably leads to permanent functional defects in the macular region that are reflected by the central amplitude decreases in the mfERG.
